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COETROL-SURFACEFLUTTERDERIVATIVES i 
F 

By John A. Wyss, Robert M. Sorenson, 
and Bruno J. Gambucci 

SUMMARY 

Transonic flutter derivatives were determined from pressure 

i 

measurements on control surfaces sinusoidally oscillated at an amplitude 
of 51.08' at frequencies from 5 to 30 cycles per second. The control 
surfaces were mounted on a wing having an aspect ratio of 3, a taper 
ratio of 0.6, and a wing-thiclmess ratio of 0.06. Various control-surface 
configurations were investigated which included internal and external 
aerodynamic balance, vortex generators on the wing, a splitter-plate type 
of control surface, and super-position of triangular shaped wedges or 
tetrahedra along the rear portion of the control-surface chord. 

For all variations of the 30-percent-chord flap the aerodynamic 
dsmping component became unstable at about 0.95 Mach number after the 
shock position had moved back onto the control surface. A splitter-plate 
configuration reduced the magnitude of instability by a factor of about 
three. Instability was reduced or eliminated at subsonic Mach numbers 
by the addition of the triangular wedges on a 21.5-percent-chord control 
surf ace. 

INTRODUCTIOE 

SFngle-degree-of-freedom control-surface flutter was encountered as 
soon as aircraft were able to enter the transonic speed regime. Eacrly 
research indicated the formation of strong shock waves on the relatively 
thick wing shead of the control surface so that the mechanism for flutter 
was associated with a time lag between control-surface and shock-wave 
motion. Solution to this problem was either the addition of nonaerody- 
namic dsm@ng in the control system or recourse to an irreversible control 
system with apl?arently inevitable weight penalties (refs. 1 to 3). 
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Reduction in ting thiclmess to as little as 4 percent of the wing 
chord, which has improved wing drag and buffeting characteristics, has *-- 

_. not-eliminated control-surface flutter. Recent experimental studies at 
low Reynolds number have indicated the possibility that control-surface 

.- flutter at transonic speeds can be dependent on potential-flow effects 
(ref. 4). However, results presented in reference 5 indicated that the 
improvements in aerodynamic damping characteristics, predicted by 
potential-f@w wing theory for substantial amounts of aerodynamic 
balance, were not realized. 

. i Profile modifications were investigated in reference 6 and a control .--I 
suzface with a wedge profile (blunt trailing edge) gave significant 
improvements in control-surface stability for oscillation amplitudes less 
than about 3O. Full-scale flight research has given qu&lItative indica- 
tions of improved control-surface flutter stability for two control modi- 
fications which are different from those in reference 6. North American 
Aviation tests have indicated improved characteristics for a trailing- 
edge splitter plate combined tith a slight thickening of the forward 
portion of the control (ref. 7). Unpublished results from the Ames Flight 
Research Branch have.indicated that the superposition of wedges, which 
were triangular in plan form as well as profile, on the control surfaces 
of an F80 airplane was an effective fix for control-surface flutter up 
to the top flight speed of 0.88 Mach number. The use of such wedges on 
a wing surface for the delay of turbulent flow-separation-has been 
reported in reference 8. 

--- -1 

-- 

In the present investigation, flutter derivatives were measured for 
13 control-surface configurations, along nfth studies of flow field 
by means of high-speed motion-picture shado~graphs. Geometric parameters 
investigated included the external aerodynamic balance, a sealed nose, 
vortex generators ahead of a control surface, a systematic variation of 
a splitter-plate type of airfoil-, a;nd trisngular #an-form wedges super- 
Imposed on control surfaces. Some data were obtained which indicated the 
effects of changing the mean sngle of deflection of the control surface 
and the angle of attack of the -Wang. AIU. control-surface flutter deriva- 
tives were obtained at an amplitude of 31l..O8~, so that comparisons could 
be made at an identical amplitude of oscillation. 

.: 

* 
., 

SYMBOLS 

b local wing semichord, ft z --.- 

'b balance chord (distance from hinge line to leading edge of control), . 

ft b -.~ 

cf control chord (distance from -hiwe. +=:a +;+g. $ge) , ft _ -_. 1 _ . 

.- 
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=h 

=hs 

Ch& 

=S 

C-b 

f 

HM 

k 

M 

P 

w 

control hinge-moment coefficient, HM 

ach -, per radian 
as 

aerodynsmic damping-moment coefficient, ach 

a& 
0 v 

splitter-plate portion of control chord, ft 

total-control chord, Cb + Cf, f-t 

frequency, cps 

hinge moment per foot of span 
ub reduced frequency, -, 
v 

with b taken at 3/8 semispan 

Mach number, V 
speed of sound 

velocity of air stream, f-t/see 

angle of attack, deg 

control-surface deflection angle, radians except where noted 

control-surface angular velocity, dS 
dt' 

radians/see 

phase angle of resultant aerodynamic moment with respect to control 
displacement, deg 

density of air stream, lb-sec2 
ft" 

angular frequency, 23rf, radians/set 

Subscript 

m mean angle, deg 
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Unstable 
oce<lljo 

+ 

180x e-q60 
Stable 

APPARATUS 
. 

Tunnel 
. 

The investigation was performed in-the Ames lb-foot transonic wind 
tunnel. A sectional sketch of the nozzle and test section is shown in 
figure 1. The flex%iLe waLLa ahead of the perforated test section are 
controlled to produce the convergent-divergent_nozzle required to gener- 
ate supersonic Mach numbers up to 1.20. The perforated walls have the 
function of preventtig tunnel choking and absorb@gshock waves generated 
by the model, thus minFmizing shock-wave reflection. The air circuit is 
closed except at an air exchanger which is controlled to maintain desired 
air temperature. 

The tunnel is operated at atmospheric pressure and a stagnation 
temperature of about 180' F. At this temperature the Reynolds number 
varies from 2.6 to 3.7 million per foot of chord for Mach numbers 
from 0.6 to 1.20. -- -. -r --.~I- - -- 

.-. -. - 

,- 
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Model 

. 

The model, which is shown in figure 2, is mounted on a base plate 
which, in turn, is bolted to the tunnel floor. Model plan-form dimensions 
are shown in figure 3. The basic model is a wing tith an aspect ratio 
of 3, a 6-foot semispan, a taper ratio of 0.6, an unswept TO-percent- 
chord line, and a midspan control surface. The wing had an NACA 65~006 
profile which was modified to a blunt trailing edge of 0.2-inch thickness. 
This modification facilitated pressure-cell installation at the trailing 
edge. Chordwise rows of pressure cells and pressure orifices were 
installed at 3/8 and 5/8 of the semispan. 

In order to provide additional stiffness and damping, a 5/32-tich 
aircraft cable was passed through the plastic wing tip, sweptback 
about 20°, and counterweighted through a locked pulley system by 
1000 pound loads outside of the wind tunnel. The increased stiffness 
due to the cable raised the fundamental resonsnt frequency of the model 
from 20 to about 33 cpe. A frequency response curve of the model with 
the cable is shown in figure 4. On the basis of this curve and observed 
vibrations durFng the tests, it was found that the control surface could 
be oscillated safely up t9 30 cps with negligible coupling between the 
control surface and the wing. 

Control Surfaces 

The various control-surface profiles which were used in this investi- 
gation are shown in ffgure 5. These variations were obtained by modifica- 
tions to three basic control surfaces. 

The first control surface had a 30-percent total chord to wing chord 
ratio. The nose portion of the control surface was derived from aa NACA 
2-006 profile. The three hinge lines used resulted in balance chord to 
flap chord ratios, Cb/Cf, of 0.10, 0.25, and 0.40, which are based on 
mesn aerodynamic chord of the flap. Each hinge Une was perpendicular 
to the wind stream. 

This control surface was also tested with the leading edge sealed 
with a strip of canvas for both the forward and rearward hinge-me 
locations, cb/cf equal to 0.10 and 0.4.0; respectively. 

The second control surface had a shorter chord with its hinge line 
corresponding to the rear hinge line of the other control surfaces. It 
had a flap chord to wing chord ratio of 21.5 percent at midspan, a radius 
leading edge, flat surfaces, and an unsealed l/16-tich nose gap. Since 
this control surface had a radius leading edge, the balance chord, cb, 
was assumed to be zero. 
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One variation to this control surface is shown in figure 6, A 
spanwise row of vortex generators was installed on each wing surface just 
ahead of the control surface. These generators had square plan forms 
with sharp leading end trailing edges. They were installed with their 
leading edges 2 inches ahead of the flap hinge line and were spaced 
6 Inches apart. Angl.es.of attack were alternately Cl5O. 

The third control surface was a splitter-plate type control. This 
control had the same profile as the first, except for a step at 60-percent 
chord. Thickness of the stepped or splitter-plate portion wa6 0.125 inch. 
except at the pressure cells where the thickness ~~339.20 i~~ch. The con- 
trol surface was cut away in successive steps so that ratios of splitter- 
plate chord to total-control-surface chord, c,/ct, of 0.40, 0.50, and 0.60 
could be obtained (see fig. 5). The splitter-plate control-surface 
configuration is illustrated in figure 7. 

Another variation tested consisted of triangular wedges or tetrahedra 
which were super-Bed on the 30-percent-chord control surface. The 
wedges extended from the point of maximum th$&ness to the t-railing edge, 
and are illustrated in figure 8. The Included angle between adjacent 
wedges was about 30'. Similar wedges were superimposed on the 2l.5-percent 
plain control surface. Double thickness wedges having a 4.5' ramp angle 
to the free-stream direction were also investigated on this control surface. 

'Control-Surface Drive System 

A schematic drawing of the mechanical details of the drive system 
is illustrated in figure 9. A block diagram of the system is shown in 
figure 10. A detailed description and some of-the operational problqs 
encountered are contained in Appendix A. 

Instrumentation 

Instrumentation furnished an accurate record of control-surface 
motion, oscillatory control-surface hinge-moment coefficients, and shock- 
wave position and motion. A block diagram of the instrumentation $6 
shown in figure Il. The instrumentation, including the NACA Ames flutter 
analyzer, is described in Appendix B. 

SCOPE OF TESTS 

, 

b.- 

- 

. --- 
- 

ControLsurface flutter defivatfves were obtained for the various 
configurations for a wing O-y...s+nd for a.mF,an an&e of 
control-surface deflection o of Mach numbers from 0.6 

c - 
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to 1.15. The -corresponding.Reynolds numbers based on mesn aerodynamic 
wing chord varied from 10.4 to 14.8 million. The control surface was 
oscillated at an smplitude of _+l.O8O at frequencies from 5 to 30 cps. 
Additional data for some &onfigurations were obtained for a control- 
surface mean-angle deflection of 2', and also for a wing angle of attack 
of 30. With Mach number and wing engle of attack constant, data were 
taken for time intervals of about 30 seconds at each frequency. 

Corrections and Precision 

No corrections were made for tunnel-wall effects. The possibility 
of a tunnel resonance phenomenon is believed to be essentially el&ninated 
by the perforated walls of the test section. In each case where large 
changes in the derivatives occurred, the magnitude of the moments gener- 
ally increased, which is opposite to the trend predicted by the theory 
in reference 9. Thus, it is believed that this phenomenon had no 
appreciable effect on the results of this investigation. 

The control surfaces were oscillated in still air up to 30 cps to 
determine effects of the inertia of the pressure-cell diaphragms. The 
magnitude of the response was barely detectable on the flutter analyzer 
so that no corrections were made for inertia effects. 

A further check on the validity of the trends indicated by the 
pressure cells was obtained from torsion strati gages mounted on the 
torsion drive rod. Siguals for these gages represented total control- 
surface moment of inertia, as well as the total aerodynamic forces acting 
on the entire control surface. Analysis for the aerodynamic dsmping com- 
ponent from this sQnal indicated trends as a function'of Mach number and 
Mach numbers for zero dsmping sFmilsr to those obtained with the pressure 
cells. It was therefore concluded that the trends shorn by the pressure 
cells are representative for the entire control surface, even in the case 
where the pressure cells were between the wedges. A direct comparison of 
magnitudes could not be made, primarily because phase angle was not deter- 
mined accurately enough to enable analysis of strain-gage aimala. 

The accuracy of the flutter analyzer was determined by means of two 
sine waves as inputs for a series of frequencies, amplitudes, and phase 
angles. These signals were also recorded and analyzed on oscillograph 
records. The maximum differences between the records so analyzed and 
readings tsken from the flutter analyzer were 4.5 percent in magnitude 
for the dsmping component and 4.1° in phase angle. Rased on the analysis 
of the oscillograph records as a standard, the probable error of any 
single measurement was 1.4 percent for the dsmping component and 1.70 for 
phase angle. The thermoasnneters were detemed to be linear within 
1.0 percent by-using a high-quality precision vacuum-tube voltmeter as 
a standard. During the tests; the meter readings were not steady for 
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some Mach numbers. These Mach numbers were usually near that at which 
the damping component changed si@p. Therefore, time-average readings 
were recorded for 3O:se.@ndltime intervals. In view of this unsteadiness, ----. the over-all accuracy is estimated-to be on the‘ordE--of- 5 percent for 
magnitude and +3’ in phase angle. 

-. 
i . . 

Since the data are statistical in nature, it is felt important to 
emphasize the relationship betweenthe resultant:..ae+dynamic hinge-moment 
coefficient, Chg, the phase angle, 8, and the aerodynamic dsmping compo- 
nent, kchg. The resultant hinge-moment coefficient is derived from a 
root-mean-square value, so~that it contains the effects of all frequencies. 
However, the phase angle and dsmping component are representative of the. . _ 
fundamental frequency, which is the frequency at whi& the -control surface 
was oscillated. 

.Y 

. -..- 

: - 

A computation of the fundamental resultant fr-om the phase ax&e and 
dsmping component would be subject-to deviation not only because of inac- 
curacy of phase-angle and damping-component measurements but also because 
of the fact that thesemeasurements~are not n&:e%@ly for the same time 

Althoughthis can-accotit for-some-war deviations between interval. 
phase angle and the dsrrrping co~onent'~ the sig5iiEanttrends of the data 
were usually so well defined that such effects are considered to be 
secondary. 

RESULTS 

The measured derivatives are presented in tables I, II, snd III for 
the 30-percent-chord control surface, the splitter-plate, and the 

-- . -__ 
21.5-percent-chord control surfade, respetitively; - 7 .- 

All data presented were derived from the lower row of pressure cells 
located at the 3/8-semispan wing station. D&-for both rows were ana- 
lyzed from initial runs to determine whether there were aSy appreciable 
spanwise effects. The data were cross-plotted as a function of Mach num- 
ber for a reduced frequency of 0.2 for each row. The data indicated that 
spanwise effects were secondary. 

-- m-m - 
Other results of.the investigation are in the form of high-speed 

motion-picture shadowgraphs. Analysis of these pictures $3.ll be . . . . _. 
presented with the discussion. 

- - ._._ ~. hi .-._ _ 
z : : .- 

DISCUSSION .- 
. 

The early stages of this -investigation indicated that the mechanism 
of flutter was associated with the travel ofla shock wave1 rather than --- . . 

I-.- 

i 
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with potential-flow effects as described by presently avaLLable theory; 
for exsmple, self-excited oscillations of the 30-percent-chord plain 
control surface occurred at 47 and 60 cps at 0.975 Mach number (see 
Appendix A). However, two-dimensional potential-flow theory presented 
in reference 6 indicated that the aerodynamic forces should have had a 
stabilizing effect for frequencies greater than 32 cps; also, the unstable 
aerodynamic demping component increased with reduced frequency at Mach 
numbers near 1, which is opposite to the trend given in reference 6. 
This is illustrated in figure 12 for the 30-percent control surface 
for cb/cf equal to 0.25. Figure 12(a) presents the resultant aerody- 
nsmic hinge moment and its phase angle, and figure 12(b), the aerodynamic 
damping component. It may be noted that for Mach numbers near 1, the 
phase angle in figure 12(a) and the damping component in figure 12(b) 
each show a shift toward greater instability as reduced frequency 
increases. 

Visual exemina tion of the high-speed motion-picture shadowgraphs at 
normal projection speeds appeared to indicate that the onset of instabil- 
ity occurred when the shock wave crossed the hinge line. In order to 
check these observations, the shadowgraphs were analyzed to determine the 
location and travel of the shock wave during oscillation. The results of 
the analysis are shown in figure 13. This figure can be used to deterrUne 
the Mach number at which the shock wave crossed the hinge line. This Mach 
number is , perhaps coincidentally, in close agreement with the Mach number 
for zero damping, figure 12. This result has some similarity to that 
found in reference 10 wherein the onset of buzz was related to the Mach 
number where the shock wave first came Fn contact with the control 
surf ace. 

Although the flutter mechanism appears to be associated with the 
compression shock wave, other factors such as separation, amplitude, 
shock-wave boundary-layer interaction, interference effects, end effects, 
and wing-thictiess effects are probably Wportant. 

It appears that the flutter encountered in the present investigation 
is different from that which has occurred on thicker wing sections where 
aerodynamic instability was attributed to a tFme lag associated with a 
shock wave located on the wing proper (see refs. 1 to 3). The thinner 
model under investigation apparently did not generate a relatively strong 
shock wave which could induce such effects until the shock wave had 
receded onto the control surface. Nevertheless, if the flutter mechanism 
was associated with the position and motion of the shock wave on the con- 
trol surface, it appeared likely that a modification to the control sur- 
face might have a si@pificant effect on the aerodynamic derivatives. The 
effects of changing aerodynamic balance, both external and internal, vor- 
tex generators ahead of the control surface, a splitter-plate control- 
surface configuration, and triangular wedges will now be considered in 
more detail. These modifications did not appreciably alter the shock 
position from that indicated in figure 13. 
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Effect of external aerodynamic balance;- The main effect of introduc- 
ing aerodynamic balance is to decrease-the magnitude of the oscillatory 
aerodynamic hinge moment, Ichsl, at Mach number near 1. This is ilJua- 
trated in figure 14(a). As in subsequent figures, data from the tables 
have been cross-plotted to obtain derivatives'as a function of Mach num- 
ber for a reduced frequency, k, of 0.2. It should be noted that data - 
for the unbalanced control are for the 21.5-percent-chord controLsurface, 
as compared to the 30-percent-chord control from which data were obtained 
for the other balance chord to flap chord ratios.. Neverthk$ess, the 
variation of hinge-line location had very little effect on the Mach ntiber 
for zero damping, or on the magnitude of the unstable aerodynsmic damping 
component (fig. 14(b)). 

Effect of leading-edge seal.- The addition of a fabric seal at the 
leading edge for two balance chord to flap chord ratios had very little 
effect. Data for the front hinge-line position are shown Fn figure 15, 

Vortex Generators 

One arrangement- of vortex generators was added ahead of the control 
surface. The results shown in figure 16 Fndicated-such a deleterious 
effect on-stability that other arrangements of the vortex generators on 
the wing were not investigated. Since vortex generators have been used 
to prevent turbulent-flow separation, a more suitable location might have 
been on the control surface behind the shock wave. However, honeycomb 
construction of this control surface precluded attachment of the vortex 
generators on the flap. 

Splitter-Plate Configurations 

Effect of systematic variation of spl,itter-plate to total-control- 
chord ratio.- Results for the three ratios of, splitter-plate chord to 
total-control chord.are shown in figure 17. The trends of the data with 
Mach nmber are nearly the asmel Unstable damping at Mach numbers near 1 
decreased by a factor of about 3 as compared to the con?ieations 
previously discussed. 

The shadowgraphs were exam+ed to see whether these large gabs in 
the reduction of instability could be e&Lahed by the changes in-the 
flow field due to the step. The presence of the step did nqt fix the 
shock wave nor alter..the rearward travel of the compression shock wave 
as Mach number approached 1. When the shock wave reached the step, atF 

-- 

- -  

L i 

a 

9 
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expansion wave formed at this point. However,T_the presence of the step 
appeared to Umit the distance the shock wave traveled during control- 
surface oscillation. When the mean position of the shock wave was shead 
of the step, the most rearward travel during oscillation was to the loca- 
tion of the step. Conversely, when the mean position was behind the step, 
forward travel was again limited to the step. 

It seems likely that the presence of an expansion at the step would 
have a csncelling effect on the compression shock wave. Thus it appears 
that the height of the step, as well as its chordwise location, may be 
an tiportsnt parameter. Nevertheless, large improvements in aerodynamic 
dsmping characteristics result from the decrease in shock-wave motion 
brought about by the splitter-plate configuration. 

Effect of mean angle of deflection.- The effects of mean sngle of 
deflection are shown in figure l-8, The curves are for a splitter-plate 
to total-control-chord ratio, cs/ct, of 0.6. When mean angle of deflec- 
tion is increased, the curves are shifted toward lower Mach numbers but 
exhibit the same general trend. Thus, deflection of the control surface 
induces aerodynamic tistabillty at a slightly lower Mach number. 

Effect of wing angle of attack.- The effects of angle of attack are 
shown in figure lg. When the angle of attack increased from O" to 3', 
the magnitude of the derivatives increased and the Mach nmber for zero 
damping decreased. 

Wedges 

In effect, the wedges provided a step in thiclmess at points behind 
msximum control-surface thickness. Thus, it appeared that the advantages 
inherent in the splitter-plate configuration would be available at all 
Mach numbers regardless of shock-wave position on the control surface. 
The effects of wedges for the 30-percent control surface are shown in 
figure 20. Large reductions in positive aerodynamic damping coefficient 
were realized from wedges having trailing-edge thickness equal to control- 
surface maximum thickness. Also, large reductions in the magnitude of 
the resultant hinge-moment derivative occurred. 

The effects of the addition of wedges for the unbalanced, 21.5-percent 
control surface are shown in figure 21. It may be noted that for the 
single-thickness wedges, instability at subsonic speeds is limited to a 
small speed range near a Mach number of 0.97. For the double-thickness 
wedge configuration, aerodynamic instability was eliminated at all 
subsonic Mach numbers. 
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The effect of changing the mean angle of the double-wedge control 
surface is shown in.figure 22. Again as in figure 78, the Mach number 
for zero damping decreases but the trends as a function of Mach number 
remain stiilar. 

Although the double-thickness yedges com@etely eliminated instability 
at subsonic Mach numbers, the signal level nfthcontrol surface fixed, ~ 
which had been negligible for all other configurations, appeared to rise 
to a buffeting level. There is a possibility that an optimum wedge thick- 
ness could be found which would minimize buffeting and retain the improved 
stability of the double-thickness wedges. Buffeting data as such were 
not obtained, so that a comparison for the various configurations is not 
available. 

CONCLUSIONS 

The results of an experimental investigation of the dynamic hinge- 
moment characteristics for several control-surface configurations led to 
the following conclusions: 

1. For the 30-percent-chord flap;on which most of the modifications 
were tested, unstable aerodynamic damping coqonents always appeared at 
about 0.93 Mach number after the shock had moved back onto the control. 
surface. 

2. No significant Wprovements in the aerodyne&c damping character- 
istics were obtained from a variation.oofaerodynemic balance. - .- 

3. The additian..of vortex generators on the wing just ahead of the 
control surface had a deleterious effect on the aerodynamic damping. 

4. Splitter-plate configurations reduced aerodynamic control- ._ 
surface instability at transonic speeds. 

5= Btable dsmptig characteristics at subsonic Mach numbers were 
obtained by the addition of triangular wedges on a .21.5-percent-chord 
control surface. 

.- 

.1. 

.- r-r 

r-- 

22 
---- .-. 

r 

Ames Aeronautical Laboratory 
National Advisory Committee -for Aeronautics 

Moffett Field, Calif., Feb. 4, 19% 
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APPENDIXA 

CORTROL-SURFACE DRIVE SYSTEM 

A schematic drawing of the mechanical detail-s of the drive system 
is illustrated in figure 9. The exciter mechanism consists of sn electro- 
mechanical hydraulic servo valve which controls a hydraulic piston. The 
cable-spring system transmits the force from the hydraulic cylinder to 
the torsion rod which is bolted to the control surface. 

A closed-loop servo system was constructed which would control. the 
mean angle of deflection, amplitude, and frequency of the control surface. 
A block diagram of this system is shown in figure 10. 

Frequency response for an amplitude of lo of control-surface deflec- 
tion was flat to 45 cps with a resonant frequency at 55 cps. Since the 
control surface was to be oscillated only to 30 cps, the resonant fre- 
quency was considered to be sufficiently high. Nevertheless, it was at 
first impossible to obtain data at 0.975 Mach rnsuber because a self- 
excited oscillation, or control-surface "buzz," occurred at about 47 cps. 
Analysis of osclllograph records indicated that the phase angle between 
control-surface position and the aerodynamic hinge moment was about 150°, 
indicating en unstable aerodynamic dsqping corqonent and that the buzz 
was aerodynsmic in origin. An attenuator and lead network were added to 
the servo smplifier, and the torsional stiffness of the cable-spring 
system was increased from 360 to 4200 foot-pounds per radian. However, 
as soon as tunnel Mach number reached 0.975, control-surface buzz again 
occurred at 60 cps, and could again be attributed to an aerodynamic ori- . 
ga. The flutter was finally eliminated by adding dempers to prevent 
transverse oscillation of the large springs, and also by improving the 
filtering of Une frequency ti the servo amplifier. (Another solution 
would have been to increase the piston diameter so that the flow limit 
through the servo valve could attenuate these frequencies.) With the 
aforementioned changes, it was then possible to obtati data at desired 
frequencies;up to a Mach number of 1.15 without incident. 
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APPENDIXB 

INSTR~ATION 

Instrumentation furnished an accurate record of control-surface 
motion, oscillatory control-surface h-e-moment coefficients, and shock- 
wave position and motion. 

.- 

Control-Surface Motion 

The control-surface motion was measured with an NACA slide-wire 
position transducer which was attached to the sector arm shown in fig- 
ure 9. In order to determine the amount of ttist of the control surface 
during oscillation, a second &Lde-wire positioner was mounted temporarily 
near the top of the control surface. In still air, Lissajou patterns 
from 5 to 30 cps were straight lines indicating no detectable phase sngle 
between the top and bottom slide-wire positioners. Since corrections for 
control-surface twist would be small, and would-probably change the phase 
angle not more thsn lo or 2', all data have been referenced to the bottom 
slide-tire positioner. As a further check; oscillograph records of the 
sum traces for the upper and lower rows of pressure cells were analyzed 
with respect to the bottom positioner at 6.9 and 0.975 Mach number. '. 
These Mach numbers were chosen because a phase shift of the order of 60' 
occurred in the phase angle of the sum trace of the bottom row with 
respect to the bottom positioner., -However, 'the phase angle for the top 
row was the same as for the bottom row at each Mach number-within 52', 
which appromtes the accuracy with which the records can be snalyzed. 
Therefore, twist of the control surface is considered to have only a 
secondary effect on the measured oscillatory aerodynsmic derivatives. 

Oscillatory Control-Surface Hinge-Moment Coefficients 

The fluctuating air forces at the 25- snd m-percent spanwise stations 
of the control surface were measured with NACA flush-type pressure cells 
(ref. 10). Necessary adjuncts are pressure orifices adjacent to each 
pressure cell. The orifices in themselves provide static-pressure distri- 
butions recorded from mercury manometers. These orifices are also con'-'r 
netted through a pressure.switch to the interior of each pressure cell 
to provide a reference. press-me equivalent to the-static pressure at the 
adjacent orifice. -. This- insures that the pressure cells will operate at 
the center of their linear range. Clos-ing the pressure switch prevents 
any undesired pressure pulsations from the orif$ce from reaching the back 

* 

_. I 
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side of the pressure cell. The stitches are also used in the static 
calibration of the pressure cells at the begInning and end of each tunnel 
run. A block diagram of the associated instrumentation is shown in 
figure IL(a). 

Nine pairs of cells at each spanwise station were so located that 
each pair represented a region having equal area moment about the flap 
hinge Une. Cells on opposite sides of the control surface at the same 
station, which formed a pair, were incorporated into the same Wheatstone 
bridge circuit. The bridge output was proportionalto the difference in 
pressure between the two surfaces multiplied by its moment arm. when a 
different hinge line was used, the cells were recalibrated to account for 
the change In moment arm. 

Two-kilocycle carrier equipment was used to amplify bridge outputs. 
Electronic summation of the amplified responses from the pressure cells 
provided an output proportional to the oscillatory aerodynamic hinge 
moment acting on the control surface. Electrical response from each 
pair of cells, the summing circuit, and the control-surface position 
transducer were recorded on oscillographs. In addition, su?mning circuit 
and position outputs were simultaneously recorded on magnetic tape and 
used as inputs to an electronic flutter ans3yzer. 

The NACA Ames flutter analyzer is an instrument which was devised 
to analyze electronically the control position and oscillatory aerody- 
namic hinge moments. Meter readings of the following quantities were 
obtained: rms smplitude of control-surface motion, rms smplitude of the 
oscillatory aerodynaslic hinge moment, the phase angle between the funda- 
mental components of the two inputs at the frequency at which the con- 
trol surface was oscillated, and a meter reading proportionalto the 
aerodynaslic dsmping component. For an understanding of the operation of 
this instrument, reference is made to the block diagram Fn figure IL(b). 

Thermoamaeters which are driven by direct-current amplifiers Indicate 
rms amplitudes. The position si@pal was then shifted gO", since it is 
necessary to use velocity rather than displacement in obtaining aerody- 
nsmicdamping. Independent d-c power amplifiers were used to drive the 
coils of a d ynamometer which was used as a multiplier to obtain the -the- 
average product of the fundsmental velocity and sum signsls. This gave 
a meter reading proportional to aerodynamic dsmping. The phasemeter is 
also a multiplying device which gives a meter reading that is a function 
of the phase difference between the fundamental components of velocity 
and sumsignals. 
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Shock-Wave Motion and Position 

A mercury vapor lazy powered by 1200 volts d.c. was used as a point 
light souxe. The laq was mounted directly over the TO-percent-chord 
station at a sufficient height so that rays of iight traveIed along con- 
stant percent chord lines .of.the model. The light source was above the 
tunnel ceiling and the presence of shock ~~~&~~~SGiLcat& by shadows 
on the tunnel floor. A motion-picture camera, operated at-300 frames per 
second, was mounted adjacent to the light source to record shock-wave 
motion and position. ..- 



NACA RM A58B04 17 

1. Erickson, Albert L., and Stephenson, Jack D.: A Suggested Method of 
Analyzing for Transonic Flutter of Control Surfaces Based on Avail- 
able Experimen-t;al Evidence. NACA RM A7F30, 1947. 

2. smilg, Benjsmin: The Prevention of Aileron Osc3llations at Transonic 
Airspeeds. AAF TR No. 5530, Army Air Forces, Dec. 24, 1946. 

3= Erickson, Albert L., and Mennes, Robert L.: Wind-Tunnel Investigation 
of Transonic Aileron Flutter. NACA RM AgB28, 1.949. 

4. Thompson, Robert F., and Moseley, William C., Jr.: Oscillating Hinge 
Moments and Flutter Characteristics of a Flap-Type Control Surface 
on a &-Percent-Thick Unswept Wing With Low Aspect Ratio at Transonic 
Speeds. NACA RM L55Kl7, 1956. 

5. Thompson, Robert F., and Moseley, William C., Jr.: Effect of Hinge- 
Line Position on the Oscillating Hinge Moments snd Flutter Char- 
acteristics of a Flap-Type Control at Trsnsonic Speeds. NACA 
RM L57Cl-l, 19579 

6. Thompson, Robert F., and Clevenson, Shermsn A.: Aerodynamics of 
Oscillating Control Surfaces at Transonic Speeds. .NACA RM L57D22b, 
1957. 

7. Anon.: Flight Test Progress Report No. 23 for Period Ending 7 October 
1955 for Model FJ-4 Air-plsnes. Rep. No. AN 54H-374-23 (Contract 
NOa 54-323), North American Aviation, Inc., Oct. 20, 1955. 

8. McCullough, George B., Nitzberg, Gerald E., and Kelly, John A.: 
Preliminary Investigation of the Delay of Turbulent Flow Separation 
by Means of Wedge-Shaped Bodies. NACA RM A5OLl2, 1951. 

9. Runyon, Harry L., and Watkins, Charles E.: Considerations on the 
Effect of Wind-Tunnel Walls on Oscillating Air Forces for Two- 
Dimensional Subsonic Compressible Flow. NACA Rep. ll5C, 1953. 
(Supersedes NACA TN 2552) 

10. Henning, Allen B.: Results of a Rocket-Model Investigation of 
Control-Surface Buzz and Flutter on a &Percent-Thick Unswept Wing 
and on 6-, g-, and l2-PercentXhick Swept Wings at Transonic Speeds. 
NACA RM L53129, 1953. 

Il. Erickson, Albert L., and Robinson, Robert C.: Some Preliminary 
Results in the Determination of Aerodynamic Derivatives of Control 
Surfaces in the Transonic Speed Range by Means of a Flush-Type 
Electrical Pressure Cell. NACA RM A8HO3, 1948. 



l8 NACA RM AsB04 
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TABLE I.- MEASURED FLiYITEElDERIVATIVES FOR 30-PRXERT.-CB PLAIN 
CONTROL SURFACE; So = f1.~~8~ --Continued 
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TABLE I.- MEASUREDFLU!ITEXDERIVkI'IVESPOR 30-PERCENT-CHORI.PLAIN 
CONTROL SURFACE; So = f1.08O - Concluded 
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TABLE II.- MEASURED FLUTTER DlZRIVATIVES FOR SPLIm-PLATE CON’I’FIOL 
SURFACEi; c&f = O.&O; 6, = +1.08O 
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TABLE II.- MEASUREDFLUTTERDEZVATIVES FOR SPLlXTEE-PB CQNTROL 
S~AC?E; cb/cf = 0.40; E. = fl.08’ - Continued 
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$2 
E5.7 

.065 

.131 

.w 

.a52 

.c66 

.I32 

.m 

.264 

31.4 -063 

z:: :Z 
u5.7 .251 

2:s" :E$ 
94.2 .l84 

u5.7 .245 

3.1.4 

$2 
u5.7 

.O% 

.u7 

.175 

.234 

31.4 
62.8 
94.2 

125.7 

.056 

:g 
2223 

l%l :;, 
t.260 186 
.268 l-80 
.272 189 
.297 188 

.249 l86 
a4 180 
.wl 189 
.321 X37 

.252 186 
-297 I.82 

:g g 

.349 mJ 

.349 171 

:$ ;g 

:g; 2 

:g % 

.539 177 
3% 2; 

.531 l61 

:t"g 52 

$4 iii! 

.434 I.81 
-450 371 
.455 177 
.491 174 

1::; ?; 
.430 177 
.453 175 

0.010 
-.a9 
- .046 
-.063 

::z 
-.039 
-.054 

-Al3 
-.040 
-.058 
-.041 

-017 
.02l 
.026 
.0.23 

.OW 

.lo4 

.139 

.146 

.a51 

.073 

.077 

.q6 

.019 

.023 
-0% 
.044 

.Ol2 

.022 

:E 

T 8,=32oJ a-00 

H w k 

I.80 

.85 

l 90 

.925 

.95 

.975 

LOO 

1.05 

L.lo 

2:; 

=5:7 

31.4 

$2 
125.7 

31.4 

$2 
125.7 

22," 
94:2 

125.7 

31.4 

$2 
125.7 

31.4 
62.8 
94.2 

125.7 

31.4 
62.8 
94.2 

l-25.7 

).O-(y 
.1g1 
226 
.3a2 

-on 
.I.41 
.2lz 
a3 

.067 

.I35 

:Z 

.066 

.131 

.197 

.2&z 

:Zi 
.Ipr 
.257 

rg 
.24g 

.061 

:iEi 
.244 

.O# 

.ll6 

.174 

.?!2 

:E 
.167 
.m 

.253 188 

24 2 
.3l4 180 

.350 r88 

.372 67 

.379 173 

.417 ln. 

:$ 2: 

:E ig 

.370 184 

:$ $2 
.384 169 

-3-m JJ35 

:;g ;g 
.404 177 

.359 1Bo 

:E'; :g 
,395 1-s 

1 

,o.op 
-.041 
-.067 
-.081 

-.036 
-.045 
-.06p 
-.W5 

-.041 
-.042 

::g 

-.035 
0 
-.a 
-.W 

-.02l 
102 

.ol6 

0 
.Q47 

:Z 

-.012 
.014 
.015 

0 

.014 

.016 

.013 

.m5 A 

. 

c 
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TABLE II.- MEASURED FLUTTEtDERIVATTVES FOR SPLITTER-PLATECONTROL 

r 
L 

“J’t P 0.60 

s, I 00; a = o” 

Y 

I.80 

.85 

-90 

.925 

.95 

.975 

..w 

-04 

!.I.0 

0 k 

31.4 
62.8 
94.2 

125.7 

94.2 
125.7 

31.4 
62.8 
94.2 

m-7 

l.O-(l 
.lW 

:g 

.0-n. 

.l42 

:g 

:gx 

:z$ 

.&5 

.lP 

.1% 
-262 

.c64 

.I.28 

.EQ 

.256 

2362 
.I24 

2% 

.06l 

tz 

:Eli 
-174 
-232 
.056 
.llK 
.l68 
-224 

l%il 
G 
.174 
.u6 
.w5 

.179 
-193 

:Z 

.=3 

.=3 
-234 
.a9 
.eJ 
.251 
.241 
.222 

:Z 

:3g 

:% 
a9 
.3= 

-277 
.264 
-2-E 
.m 
.246 
-262 
.265 
-283 

hchg 
-o.ozt 
-.Oll 
-.Olfl 
-.Oy. 

-.Mo 
-.015 
-A24 
-.=9 

-SW3 
-.014 
-.022 
-.OlS 

-.OlJ 
.013 
.022 
-035 

0 
.034 
.043 
.047 

.017 

$2 
.lo2 

tg 

.W 

-Al2 
.Ol6 
.Ol2 

0 

.ooe 

.015 

.0X? 

.Ol2 

M 

1.80 

.85 

.90 

-925 

.95 

.975 

i.00 

L.05 

..I.0 

b I 20; a = 00 

w k 

$:ij 
125:7 

31.4 
62.8 
94.2 

125.7 

$1 

125:7 

31.4 

g:: 
125.7 

2:; 

w:7 

31.4 

$:i 
125.7 

31.4 
62.8 
94.2 

125.7 

22," 

g:; 

I.016 
J53 

:gg 

.oa 
-1% 

:$ 

.a 
-12 
.19B 
-265 

.c# 

.=9 

.I93 

.257 

.o63 

:Z 
.250 

X61 
.I22 
J83 
.244 

:Z 
.174 
.2P 
.m 
.u 
.s7 
.=3 

1 
% 8 

.o.wa 
-.Ob 
--Of% 
-.O-@ 

-.OB 
-.O% 

::g 

-.Op5 
-014 

:Eig 

-.oog 

:EE 
.045 

0 

:%I 
m37 

0 
.042 
-0% 
-023 

0 
.049 
.o65 
-034 

-Ax?0 
.Ol6 
.Ol2 
.W 

0 
.019 
.019 

0 

23 
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TABLF II.- MEASURED F'LUYIT~ DE3IVATIVES FOR SPLlTlTER-PLATE CONTROL 
SURFACE; cb/cf = 0.4.0; E. = ‘f1.O8o - Concluded c 

c 
H 

7x7 

.85 

.9o 

.925 

.95 

.975 

L-00 

L.05 

..lo 

c&t = 0.60 

w 

125.7 

31.4 
62.8 
94.2 

E5.7 

31.4 

h-00; a -30 
- 

k %I 
,.on 
.153 :z 
.230 
.307 2% 
.071 .326 
.143 
.2lJ+ :;;2 
.286 .389 

-067 
.134 :;g 
,201 .4l6 
268 .460 

.065 

.131 :gZ 

.l% 
.262 1% 

.c64 .473 

.I28 

.I92 :g 

.2% .423 

.062 .6u 

.125 .626 

.187 
-250 :2g 

.til .S36 

g :E 
.55a 

.O% 

.lJ.d :z$ 
,174 .496 
.232 .5s 

.O% 

.lu 
:g 

~67 
.223 ::g 

- 

8, aeg 
iE 
g 

189 
175 

% 

L87 
173 
181 
177 

181 
167 

1: 

:g 

165 

L83 
LS9 
1.63 
161 

J-80 
1.54 
La 
16.65 

% 
176 
1773 

kg 
L76 
L74 

- 

T 
% 
0 
-.w5 
-.o35 
-.015 

-.o33 
-.014 
-.014 
-.028 

-.0p 
-.oog 
-.018 

.w 

0 
.046 
.077 
.052 

0 
.078 
-091 
.w7 

:Y$ 
.171 
.154 

.w4 

.og4 

.107 

.og4 

-.015 
.031 
.o35 
.043 

-.015 
-022 
.022 
.Oll 

8,..20;a130 
- 

M 

ix 

.85 31.4 

.90 

,925 

-95 

,975 

.oo 

.o5 

1.10 

- 

31.4 
62.8 
94.2 

us.7 
157.1 
I-88.5 

157.1 
L88.5 

31.4 
62.8 
94.2 

125.7 
157.1 
Laa.5 

k %8l 

r.o?5 G 
.lS -219 
.226 .246 
.Pl .28-l 

.070 

.lJkl 

:Z 
.353 

.&7 

.134 

.x)1 
-268 

5% 

-064 
.u7 
.191 
.255 
.3=3 
.382 

.o62 

.I24 

:Z 
.a0 
.372 

.579 
* 599 
.6o7 
.617 

:Zli 

.W5 

.lll 

.167 

.m 

.m3 

.333 

.4g2 

.m 

.911 
-23 

:2-E - 

170 
176 
~-76 
L4 
~76 

La5 
170 
177 
L75 

:g 

-.04: 
-.w 
-.m 
-.CBi 
-.lLu 

-.OQ 
.022 
-033 
.022 
.026 
.cQi 
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TABIJ3 III.- MEASURED E'LU'ITER D~IVA!XVES FOR 2l-l/2-PERCENT-CHORD 
UNBAGANCED CONTROL SURFACE; E. = *l.o8O 

r t Plain cantml 

b I 00; a = 00 

I4 

0.70 

.80 

.85 

.90 

.925 

.95 

-975 

1.00 

1.05 

L.og5 

1.09 

0 k 

31.4 

;:-i 
w:7 

31.4 
EQ.8 
94.2 

m-7 

-074 
.149 
-223 
-5% 

2:; 
94.2 

125.7 

g:i 

L25:7 

z:i 

L25:7 

-67 
-133 
.xX) 
.2&s 

.W 

.130 

:Z 

31.4 .064 
62.8 .=7 
94.2 -191 

125.7 .254 

g:; 

L25:7 

22," 
94.2 

L25-7 

31.4 
62.8 
94.2 

L25.7 

94.2 
m5.7 

.062 

.I24 

:Z 

.06a 

:Z 
.242 

:Z 
.174 
.232 
.og6 
.I.22 

-168 
224 

lcnbl 
!.252 

%3 

:E 
.437 
.474 

:g 
-483 
.525 

.489 

:g 
-es 

2: 
-64-6 
.615 

-981 
..134 
..O-p 
.992 

-322 

::% 
..208 

..O% 

..w 
-133 
..I.23 

..013 

..037 

-078 
..0p 

.0.028 
-.036 

1::; 

0 
-.045 
-.08s 
-.1p 

1:s 
-a9 
-.131 

-.ozl 
-.@I 
-.u 
-.1p 

-.049 
-.lJO 

I:2 

.032 

.052 

:g 
.l62 

:g 
.388 

:E 
1% 

!g 
0 

.=3 

.017 

:% 

T 
I4 

,.P 

30 

.85 

.%J 

.925 

.95 

.S75 

..oo 

-05 

..I0 

vortex generators 

w k 
P.4 

$2 
w.7 

,.085 
J.69 
34 
.339 

lchsl 
,.53a 
:giz 
.537 

31.4 

$2 
125.7 

-075 
.151 
226 
-p2 

:X 

:$t 

$:i 

125:7 

.OP 

.l41 

:% 

:Z 

:6% 

2:: 
94.2 

125.7 

:g: 

:Zii 

:Z 
.a2 
.737 

31.4 

g:: 
125.7 

.&5 

.w 

.l% 
261 

31.4 .&3 
62.8 .=7 
94.2 .19Q 

125.7 .253 

:Zi 
.810 
.73 

31.4 
62.8 
94.2 

-5.7 

::ZZ 
L.2l7 
t.u9 

.&so 

:Z 
-240 

t-676 
L.467 
L.265 
L.038 

31.4 .093 !.228 
62.8 .ll6 t.282 
94.2 .174 ..278 

w-7 .a --273 

22 :E 
94.2 .167 

125.7 .223 

1.177 
-.2&d 
..lB 
..%I1 

k% 
-0.019 
-.04S 
-.lJ.4 
-.lgt 

I:% 
-.lJl 
-.l62 

::z 

I:$! 

-.lJ.z 

::z 
--I75 

-.l.a 
-.133 
-.158 
-.1* 

-.02c 
.063 

:Z 

:E 

:g 

.536 
-691 

:E 

:ZE 
.lOl 
.m9 

.073 

:2: 
.c62 
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TABLF, III.- MEASURED FL- DERNATIWS FML 2l-l/2-PERCENT-CHORD 
UNBALANCED CONTROL SURFACE; so = kIe.08O - i=ontinu& 

r 
l- 

8ingl.e vedges on control surface 

T &moo; a-00 4 t2O; a I 00 

M w k ?'8! M 0 k %I 
0.80 

.a5 

.90 

,925 

.95 

.975 

1.00 

I.05 

1.10 

31.4 

:2-i 
125:7 

1.076 
.151 
.227 
.3o3 

:!I; 
.a3 
.284 

.067 

.I35 

.m 

.270 

31.4 .066 
62.8 .w 
94.2 .197 

u5-7 .263 

g:i 

125:7 

.064 

.128 

.lW 

.2% 
31.4 

$2:: 
125.7 

.062 

.m 

.u7 
-249 

.06l 

1% 

31.4 
62.8 
94.2 

125.7 

:"A 
-174 
.232 

31.4 

$2 
125.7 

.O% 

.lll 
~67 
.=3 

b.474 

:g: 
.517 

.485 

:E 
.601 

.5m 

.559 

.@A 

.737 

.472 

1% 
.740 

:g 
.939 
.927 

.732 

.832 
..o33 
..o37 

..o23 

..015 

2% 

..a07 
.w 

..Ol2 
.973 

,0.026 
- -079 
-.151 
-.337 

-a9 
-.lOl 
--I77 
-.260 

-.UO 
-.uJ 
-.254 
-.3oo 

-.149 
-.2lO 
-262 
-.241 

-.143 
-.llg 
-.l63 
-.lW 

-.106 
0 

.o35 

.074 

-.4ll 
-.62g 
-.793 
-.7-m 

-.o33 
.W 

:kg 

- .op 
.W2 

I.80 

.85 

.9o 

.923 

.95 

.975 

..w 

..og 

..lQ 

94.2 
u5.7 

1.076 
.I53 

:z 

31.4 

%:"2 
m.7 

31.4 .06.3 
62.8 -1% 
94.2 .2o3 

125.7 .271 

2:; 
94.2 

125.7 

.066 
-132 
.m 
.264 

31.4 .o64 
62.8 .l2B 
94.2 .193 

J-25.7 .257 

I? 
.253 
.C& 
.=3 

22 

.W3 
-117 
.175 
.233 

.O% 

I.519 
.521 
-537 
.551 

:$Z 
.575 
.6ll 

.520 
-573 

2:: 

.s37 

$2 
,871 

.914 

:g 
m3 

-487 

2:; 
.6B 
-067 
..og3 
..lo3 
..o07 

1% 
A48 
..06l 

E 
197 

g 
1% 

2; 
194 
189 

174 
l66 
170 
169 

172 
l62 

2 

z! 
249 

173 
165 
172 
169 

173 
3-65 
170 
170 

0.033 
-.0-(8 
--153 
-.204 

-.045 
-.loO 
-.1-j?? 
-.249 

1:;: 
-.25a 
-.273 

-.ll5 
-.226 
-*25-1 
-.a7 

-038 
.092 
.va 
.o5s 

.a9 

.ll3 

.K6 

.og3 

-.225 

::g 
-.514 

:Zg 
.o57 
,065 

.w 

.047 

.054 

.042 
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TAE3lX III.- MEASURED FLIJM'ER DERIVATIVES FOR 2l-l/2-Pm=-CHORD 
UNBALANCED CONTROL SUFiFACZ; 6o = +1.08O - kontinued 

M w k I%1 2; "h& H w k I%1 2; % 

I.80 31.4 o.oj% O:f3 lg -a? 0.80 125.7 0-m 0.442 207 -0.224 

$2 .151 .=7 2: z -.131 -85 9.4 JJ72 .382 la2 125.7 .P3 -.263 $2: .145 

.2l7 :z g 

-ml 

-.lg2 
.a5 

:Z :iF g 
-A62 125.7 -289 A?35 2l.4 -.2&J 
-.13 

.2J-3 .a4 1% g ::e& -93 31.4 .c& 

$:E 
.I37 1% z 2% 
.a5 -.272 

.90 .068 
.135 

:tz z --II4 w-7 .274 2% z -.4lo 
-.250 

.=3 

as4 $E 11% 

-925 

g.; - 

-066 

:E c& 

-.I41 

-2-P -133 I:'$; 
-*5 22: -MA .330 231 -.I27 2:: :ZZ :$?5 :3s47 -A47 

94:2 .lP -197 -405 243 
125.7 .263 :g 2-t 

I:% .95 3.2.4 .&5 -365 m -.141 
-.532 g:: .13Q .474 267 

-194 -570 253 
4; 

-95 2:; .a64 22 :% --l* l25-7 -259 .W 239 -.474 
228 

94.2 .192 I:% -063 .517 176 -.a% 
125.7 .a5 :z &z -.W 

.975 2.; 

94:2 :Z :g: iI 
-AX1 
-.I39 

-975 zk-," z .a3 336 --a3 125.7 .252 .57sr 187 -.1* 

g4:2 A.87 :z 2 --592 -.-p2 1.00 .til -654 173 
125.7 -2x7 .784 go -.611. -64-r 16s 22 

m4 
L.00 .4gg 39 -.so6 :g ;g .-7 

:z fz 
-Aa9 

.a10 251 2 

l-O5 31.4 .O% 

62.8 .u7 :;$ 2 

.a5 

94.2 -175 :Z 
L-W 31.4 .W?- .963 176 .Ol2 125.7 .234 $2 2 -on 

J.25:7 z-: -IL6 .174 .232 $2 -940 $2 I.69 31.4 

$2 

iu.2 .O% :;g kg .042 

157.1. .w 
188.5 .3u :g g :Z 

.167 
125.7 .=3 ::; z 

:g 
.032 

27 
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TABIX III.- MEASURED FLUITEB DERIVATIVES FOR 21-l/2-PWCENT-CHORD 
UNBALANCED CONTROL SURFACE; 6, = f1.08' - Concluded 

., - 

r Double wedges on control surface; 
a-m 00, 

M u k M u k 

I.80 

.a5 

.W 

.925 

.95 

.9-B 

L.00 

..ag 

..lo 

31.4 I.075 
62.0 .1X 
94.2 -226 

J-25.7 .3= 

3L4 
62.8 
94.2 

125.7 

31.4 
&.a 
94.2 

125.7 

,071 
.143 
.2l4 
-285 

.068 

.136 

.203 

.271 

.g 

.264 

2% 
94.2 

125.7 

.064 

:z 
.257 

.062 

.x5 

.m7 

.cm 

.c6l 

.i$ 

:Z 
.175 
.233 

:Z 
.l67 
-223 

I.433 
.455 
.469 
.512 

:$ 
,474 
.551 

:% 
.5P 
.747 

.441 

2;: 
.a52 

:E 

:% 

.459 

:2$ 
.a3 

.a15 
:;g 
.751 

3% 

.;g 

.939 
-959 
.* 
.957 

.O.OB 
-.lo2 
-.179 
-.256 

-.qg 
-.l26 
-.221 
-.pa 

-.142 

I:% 
-.5% 

-.179 

1::: 
-.465 

-.317 
-.536 
-.&I1 
-.593 

-.13a 
-.3o6 
-.451 
-.4aa 

.o33 

.067 

.lOO 
,089 

-02 

:t$ 
.o85 

-.Ol$ 
.063 
.o75 
.oa 

I.80 

.a5 

.90 

.925 

.95 

.975 

Loo 

j-074 
J.49 
.223 
.298 

.W 

.140 

.2X0 

.2ao 

.&7 
,133 
.m 
.266 

.@55 

.lP 

22 

.c#+ 

.=7 

.1g1 

.254 

.062 

.I24 
36 
.248 

ig 

.242 

.0.017 
-.c62 
-.W3 
-.l23 

-.o45 
-.073 

::fgJ 

- .036 
-.072 
-.op 
-.106 

- .o37 
-.0&z 
-.a34 
-.Og8 

.=7 

.051 

:% 

.137 

.306 

.319 

.341 

.136 

:gZ 
.472 

22 :2 
.594 179 

:zg z2 
.631 183 

.577 180 

:g 22 
.-m 176 

:a$ lg 

$2 2 

..232 170 

..220 1% 

..131 157 

..o24 135 

11% 'g 

..436 l60 

..407 154 
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Figure l.- Sectional sketch of nozzle and test section of Ames lb-foot transonic wind tmnel. 
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Figure 2.- Modelmouted in the test section. 
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NACA 65A006 
(modified) 

Section A-A 
Dimensions in inches 

% pressure cells 

A 

3 4 

-- 

- -- 
9 

I 4 
‘t 

72 

I 

31 

Figuze 3.- Model plm form. 
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Figure 4.- Frequency response due to sinusoidal forced vibration at the wing tip. 
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icCbTCf _I 

-G (+ - 

Wf 

0.10 
.25 
.40 

.I0 

.40 

0 

=vq 

0.40 0.40 

.40 50 

-lIIx +--I -40 

. & 

0.40 

0 

0 double 

Trailing-edge 
wedges 
single 

single 

Figure 5.- Control-surface sections. 
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(a) Side view. b) R ear view. 

Figure 6.- Side and rear vie+ of vortex generators mounted on the King surface. 
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(a) Pront view. 

Figure i.- &.~3nt and. rear views of the splitter-phte Cont-dJ. surface, ce/ct = 0.6. 
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Figure 8.- Rear View of wedges on the 30-percent control surface. 
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Bearing surfaces 
< 

nyaruuIIc-servo-valve 

Figure 9.- Schematic drawing of the mechanical details of the control- 
surface drive system. 



/nydrDUliC) , 
piston 
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Press we 
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Figure 15.- Effect of leading-edge seal; cb/cf = 0.10, &=I O", 
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Figure lg.- Concluded. 
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Figure 20.- Effect of wedges on the 30--percent-chord control 
surface; C&f. = 0.40, s, = 00, cc = 00, k = 0.2. 
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